Abstract In addition to mediating photomorphogenesis, phytochromes are responsible for many abiotic stress responses, acting upon biochemical and molecular mechanisms of cell signaling. In this work, we measured the physiological and biochemical responses of phytochromemutant plants under water stress. In tomato (Solanum lycopersicum L.), the aurea mutant (au) is phytochromedeficient and the high-pigment-1 mutant (hp1) has exaggerated light responses. We examined the effects of water withholding on water potential, leaf gas exchange, chlorophyll fluorescence, chloroplast pigment content and antioxidant enzyme activity in au and hp1 and their wildtype cultivar Micro-Tom (MT). Initial fluorescence and potential quantum efficiency of photosystem II (PSII) photochemistry were not affected by the treatment, but effective quantum yield of PSII, electron transport rate decreased and non-photochemical quenching increased significantly in MT. Under water withholding conditions, MT had higher malondialdehyde concentration than the mutants, but au had higher activities of catalase and ascorbate peroxidase compared to the other genotypes. The tolerance of mutants to the effects of water withholding may be explained by the higher activity of antioxidant enzymes in au and by a higher concentration of antioxidant compounds, such as carotenoids, in hp1.
Introduction
Phytochromes are plant pigments capable of absorbing light in the red and far-red region, between 660 and 730 nm (Hughes 2010) . These pigments play important roles as biochemical intermediates between light perception and plant development (Castillon et al. 2007 ). The role of phytochromes can be studied in plants that exhibit specific mutations related to the biosynthesis or the signal transduction of this photoreceptor. These mutants, which are referred to as photomorphogenic, can help determine if a given response or physiological process under study is influenced by phytochrome activity. In tomato (Solanum lycopersicum L.), the aurea (au) mutant is phytochrome deficient (Terry and Kendrick 1996; Muramoto et al. 2005) , while the highpigment-1 (hp1) mutant is highly sensitive to light-dependent responses (Kendrick et al. 1997; Liu et al. 2004) .
In addition to their importance for photomorphogenesis, recent discoveries have also linked phytochromes to responses triggered by abiotic stresses, such as drought, due to their role in regulating the activity of enzymes and the transcription of specific genes, altering molecular and biochemical mechanisms of cell signaling (Schopfer 1977; Carvalho et al. 2011b Drought is an important environmental constraint for plant growth and development. Decreased water availability impacts plant metabolism by disrupting water absorption and photosynthesis (Murshed et al. 2013) . Phytochromes are associated with a number of morphological and physiological responses that mediate the absorption, transport and loss of water, in addition to carbon gain. In potato plants under field conditions, overexpression of phytochrome B increased stomatal conductance, photosynthesis and transpiration rates (Boccalandro et al. 2003) , and was related to positive regulation of stomatal developmental genes, which affect the opening (Wang et al. 2010 ) and density (Boccalandro et al. 2009 ) of stomata in Arabidopsis. Phytochrome A is a key factor promoting xylem vessel diameter in tomato, which increases water conductance to the leaves of plants under high transpiration conditions (Auge et al. 2012 ), a function also carried out by phytochrome B in adult cucumber plants (Casal et al. 1994) .
Carbon dioxide limitation in water-stressed plants, which results from a decrease in stomatal conductance (Smirnoff 1993) , causes over-reduction of the photosynthetic electron transport chain, redirecting excess energy towards the production of reactive oxygen species (ROS). ROS can directly attack membrane lipids, damage nucleic acids and inactivate metabolic enzymes, ultimately leading to cell death (Gill and Tuteja 2010) . The defense system of plants against ROS includes both enzymatic and non-enzymatic components, but when the production of ROS exceeds the capacity of the cells to remove them they cause oxidative stress (Noctor and Foyer 1998; Ahmad et al. 2010) .
The regulation of ROS defenses is also associated with phytochromes, because they influence the activity of antioxidant enzymes (Schopfer 1977) , such as ascorbate peroxidase (Thomsen et al. 1992; Mullineaux et al. 2000) , catalase (Drumm and Schopfer 1974; Zhong et al. 1994) , phenylalanine ammonia lyase (Wellmann and Schopfer 1975; Mohr et al. 1979; Jones 1984) , and peroxidase (Sharma et al. 1976) , in addition to regulating important non-enzymatic defenses such as carotenoids (Toledo-Ortiz et al. 2010) .
Which phytochromes are involved in drought stress signaling and how this process works are trending research topics (D'Amico-Damião et al. 2015) . A detailed knowledge of the physiological and biochemical processes that regulate the metabolic machinery of photomorphogenic mutants under different water regimes may provide insights into how phytochromes and related light-dependent signaling are related to drought tolerance responses. Given that phytochromes are associated with a number of morpho-physiological features that influence water relations and stress defenses, we expect a phytochromedeficient mutant, such as au, to have different strategies to cope with stress from water withholding than a mutant with increased photomorphogenic responses, such as hp1. How does water withholding stress affect each tomato genotype? Do responses differ among genotypes within the same treatments (control or stress)?
The objective of the present work is to determine and explain the effects of water withholding on physiological (gas exchange and chlorophyll fluorescence parameters) and biochemical (antioxidant enzyme activity) responses of two photomorphogenic mutants of tomato cv. Micro-Tom, aurea and high-pigment-1, and its wild-type cultivar.
Materials and methods

Plant material and treatments
Seeds of the wild-type tomato (Solanum lycopersicum L.) cultivar Micro-Tom (MT) and its photomorphogenic mutants au and hp1 were sown in trays containing a 2:1 dystroferric redmixture (v:v) of commercial potting mix (Bioplant Ò , Nova Ponte, MG, Brazil) and expanded vermiculite supplemented with 1 g L -1 of NPK fertilizer 10-10-10 (the numbers separated by dashes describe the percentage of nitrogen, phosphorus and potassium in the product). Throughout the experiment period, plants were grown and maintained in a greenhouse under controlled conditions of temperature (24-27°C), humidity (60-80 %) and photoperiod (13 h day/11 h night). Two weeks after germination, the seedlings were transferred to 1 L pots containing a 2:1 mixture (v:v) of latosol and sand. The pH level and nutrient content were chemically adjusted to obtain the ideal conditions for tomato culture. The pots were arranged 20 cm apart to avoid shading.
In order to establish the stress treatment, regular irrigation was suspended for one group of 35-day-old plants comprising five plants per genotype (MT, au and hp1). As a control, another group of the same size was kept under normal water availability (close to the field capacity of the potting mix). The water withholding treatment lasted 5 days and the analysis were carried out on specific days during the treatment (described below).
Leaf water status, gas exchange and fluorescence measurements
Leaf water potential was measured from 4:00 a.m. to 6:00 a.m. with a Scholander pressure chamber. Measurements were taken on the fourth leaf from the shoot apex of four plants of each combination of genotype and treatment. Water potential analyses were carried out only once, on the fifth day of the water withholding experiment.
Photosynthetic rate (A, lmol m -2 s -1 ), stomatal conductance (gs, mol H 2 O m -2 s -1 ) and transpiration rate (E, mmol m -2 s -1 ) were always measured between 8:00 a.m. and 10:30 a.m. on the second fully expanded leaf from the shoot apex of five individuals of each combination of genotype and treatment. Measurements were taken daily for the 5 days of the water withholding experiment, except for the second day, due to inappropriate weather conditions. We used a portable LI-6400XTR infrared gas analyzer (LI-COR Biosciences, Lincoln, NE, USA) adjusted to a constant chamber temperature of 24°C and an attached LED light source to provide 1000 lmol photons m -2 s -1 . The leaves were placed in a 6 cm 2 chamber and data were recorded every 10 s for 1 min. The five measurements for each individual were averaged before recording the gas exchange parameters.
Chlorophyll fluorescence parameters were measured on the third fully expanded leaf from the shoot apex of the same individuals chosen for the gas exchange analysis. Data were collected daily for the duration of the experiment using a portable fluorometer MINI-PAM (Walz, Effeltrich, Germany). Analyses followed the methods proposed by Bilger et al. (1995) and Rascher et al. (2000) and the fluorescence terminology was updated according to the review by Baker (2008) . First, leaves were acclimated to the dark for 30 min. Next, they were exposed to a weak pulse of red light (0.03 lmol m -2 s -1 ) and the initial fluorescence (Fo) was measured. Finally, the leaves were exposed to 0.8 s of saturating actinic light ([6000 lmol m -2 s -1 ) and the maximum fluorescence was measured (F m ). Using these data, the effective quantum yield of PSII (Genty et al. 1989 ) was determined by superimposing a saturating pulse on leaves previously acclimated to ambient light and calculating
where F m 0 is the maximum fluorescence during the saturating pulse and F, the steady state fluorescence value before the saturation pulse. The F q 0 /F m 0 parameter was then used to estimate the apparent electron transport rate (ETR) following Bilger et al. (1995) , using the equation ETR = F q 0 /F m 0 9 PFD 9 0.5 9 0.84, where PFD is the photon flux density incident on the leaf, 0.5 is the fraction of excitation energy distributed to PSII (Laisk and Loreto 1996) and 0.84 is the fraction of incident light absorbed by the leaves (Ehleringer 1981) . The Non-Photochemical Quenching coefficient (NPQ) was calculated as NPQ = (F m -F m 0 )/F m 0 (Bilger and Björkman 1990) .
Photosynthetic pigment determination and malondialdehyde content
The photosynthetic pigment content was determined through the extraction by dimethyl sulfoxide (DMSO), following Silva et al. (2014) . Absorbance readings were taken in a UV-VIS Evolution 60 S spectrophotometer (Thermo Fisher Scientific, Madison, WI, USA). The calculations used to determine the content of chlorophyll a, chlorophyll b and carotenoids are described in Wellburn (1994) . Lipid peroxidation was measured through the content of malondialdehyde (MDA), using the method of Heath and Packer (1968) . For this procedure, 200 mg of leaves were collected on the fifth day of the water withholding experiment from four plants of each combination of genotype and treatment. Absorbance was measured at 535 and 600 nm, and MDA content was calculated using an extinction coefficient of 155 mM -1 cm -1 . Content was expressed as nmol g -1 FW.
Enzyme activity
The following steps were carried out at 4°C unless stated otherwise. For the enzyme extraction, 300 mg of leaves were collected on the fifth day of the water withholding experiment from four different plants of each combination of genotype and treatment. Leaves were ground in liquid nitrogen with a mortar and pestle and homogenized in 2 mL of extraction mixture containing 100 mM potassium phosphate buffer (pH 6.8), 0.1 mM EDTA, 100 mM phenylmethylsulfonyl fluoride and 2 % (w/v) polyvinylpyrrolidone. The homogenate was filtered and centrifuged at 15,000g for 15 min. The supernatant was stored in separated aliquots at -80°C prior to enzymatic analyses. The protein concentration in each sample was determined by the Bradford method (Bradford 1976) , using bovine serum albumin as a standard. Absorbance readings were taken with an Evolution 60 spectrophotometer (Thermo Scientific, Waltham, MA, USA).
Catalase (CAT) activity was assayed following the methods described by Havir and McHale (1987) and Azevedo et al. (1998) , with a few modifications. The 1 mL reaction mixture contained 25 lL of enzyme extract, 50 mM potassium phosphate buffer (pH 7), 350 lL of deionized water and 15.625 mM hydrogen peroxide (30 % solution).
Ascorbate peroxidase (APX) activity was determined as described by Nakano and Asada (1981) , with a few modifications. The 1 mL reaction mixture was composed of 50 lL of enzyme extract, 50 mM potassium phosphate buffer (pH 6), 280 lL of deionized water, 0.8 mM ascorbate and 1.25 mM hydrogen peroxide (30 % solution).
Superoxide dismutase (SOD) activity was assayed following the method of Giannopolitis and Ries (1977) , based on the ability of the enzyme to inhibit the photochemical reduction of nitroblue tetrazolium (NBT). The 2 mL reaction solution contained 50 lL of enzyme extract, 50 mM potassium phosphate buffer (pH 7.8), 13 mM methionine, 0.075 mM NBT, 0.1 mM EDTA, 150 lL of deionized water and 0.002 mM riboflavin. The tubes were irradiated for 10 min.
Phenylalanine ammonia lyase (PAL) activity was determined by modifying the protocol established by Zucker (1965) . The reaction mixture contained 100 lL of enzyme extract and 900 lL of 40 mM borate buffer (pH 8.8) and 20 mM phenylalanine. The mixture was incubated for 1 h at 30°C and the reaction was stopped by adding 50 lL of 6 N HCl.
Peroxidase (POX) activity was assayed as described by Chance and Maehly (1955) and Kar and Mishra (1976) . The 2 mL reaction mixture contained 15 lL of enzyme extract, 885 lL of deionized water, 26 mM potassium phosphate buffer (pH 6.8), 21 mM hydrogen peroxide (30 % solution) and 12.5 mM pyrogallol.
Statistical analysis
The design of the experiment was completely randomized. Data were analyzed using two-way repeated measures ANOVAs, and the statistical significance of the differences between means within the same group (treatment or genotype) for each day was tested using Tukey's HSD test (P \ 0.05). Three replicates of each reaction were used for photosynthetic pigment determination, MDA content and enzyme activity analyses. Statistical analyses were performed using SPSS version 20 (SPSS Inc., USA).
Results
Water potential
The water withholding treatment decreased leaf water potential of all tomato genotypes compared to the control (Fig. 1) . Therefore, the comparisons between control and stress treatments presented below reflect a real effect of water limitation on plants.
No differences in water potential among genotypes within either the control or the stress treatments were observed, demonstrating that the mutations did not influence this parameter.
Gas exchange
Water withholding decreased photosynthetic rate (Fig. 2a ) and stomatal conductance (Fig. 2b ) in all genotypes from the fourth day of the experiment on, except for the au mutant, where significant differences only appeared on the fifth day. The same patterns were observed for transpiration rates (Fig. 2c ), which were significantly lower in plants under water withholding of all genotypes from the fourth day on.
Gas exchange parameters were not significantly different among genotypes under the same treatment (control or stress) (Fig. 2) . The only exception was observed in the hp1 mutant, where plants under the water withholding treatment had higher transpiration rates than MT on the fourth day (Fig. 2c) , coinciding with higher values of stomatal conductance.
Chlorophyll fluorescence
During the whole experiment, the au mutant had lower initial fluorescence (Fo) than the other genotypes under normal water availability (Fig. 3a) . The effects of water withholding were different for each genotype. Initial fluorescence (Fo) (Fig. 3a) and potential quantum efficiency of PSII (given by the F v /F m ratio) (Fig. 3b) were not affected by the stress treatment in any of the genotypes, but PSII operating efficiency (F q 0 /F m 0 , Fig. 3c ) and electron transport rate (ETR, Fig. 4a ) decreased significantly in MT. In addition, the MT genotype was the first to increase its nonphotochemical quenching (NPQ) levels, diverging from the other genotypes from the third day of the experiment on (Fig. 4b) . The tomato mutants kept the electron transport chain (ETC) running normally throughout the water withholding period (Fig. 4a) , and their PSII operating efficiency was comparable to that of individuals in the control treatment (Fig. 3c ). ) (c) of the leaves of the wild-type genotype (MT) and aurea (au) and high-pigment-1 (hp1) mutants of tomato cv. Micro-Tom under normal water availability (ctrl gray line) or water withholding for 5 days (str black line). Bars indicate standard error, n = 5. Each day of the experiment (on the horizontal axis) was compared separately. Different symbols indicate significant differences (ANOVA followed by Tukey's test, P \ 0.05). Asterisks were used for comparisons between the control and stress treatments within the same genotype, and circles for comparisons among genotypes under the stress treatment. The absence of symbols indicates that no significant differences were found Acta Physiol Plant (2016) 
Photosynthetic pigments
The mutant hp1 had a higher content of chlorophyll a, chlorophyll b and carotenoids than the other genotypes.
Although the au mutant had the lowest values of chlorophyll a and b, it had the highest chlorophyll a:b ratio (Fig. 5) . The water withholding treatment did not affect the content of chlorophylls and carotenoids in any genotype (Fig. 5) .
Malondialdehyde content and enzyme activity
The water withholding treatment did not affect the leaf malondialdehyde content (MDA) of MT and au, but hp1 plants under water withholding had lower MDA content than control individuals. Under normal water availability, au had lower MDA content compared to the other genotypes. In contrast, MT had the highest amount of MDA under water stress (Fig. 6a) . . Bars indicate standard error, n = 5. Each day of the experiment (on the horizontal axis) was compared separately. Different symbols indicate significant differences (ANOVA followed by Tukey's test, P \ 0.05). Asterisks were used for comparisons between the control and stress treatments within the same genotype, squares for comparisons among genotypes under the control treatment, and circles for comparisons among genotypes under the stress treatment. The absence of symbols indicates that no significant differences were found Under control conditions, all genotypes had the same enzyme activity for CAT, APX and SOD, but PAL and POX activities were higher in MT than in the mutants (Fig. 6b-e) . Under water withholding conditions, CAT and APX activities were higher in au, but SOD, PAL and POX activities were similar for all genotypes. Enzyme activity of the mutant hp1 was not affected by the water withholding treatment (Fig. 6b-e) .
Discussion
Different studies relate that phytochromes affect the regulation of plant tolerance and/or susceptibility to abiotic stresses such as water deficiency. Evidences arose when it was known that far-red radiation, typically absorbed by phytochromes, induced decrease in stomatic conductance and xylem sap flow of cotton plants (Ouedraogo and Hubac 1982) . Further studies found out that phytochrome-chromophore-deficient Nicotiana plumbaginifolia presented high levels of abscisic acid (Kraepiel et al. 1994) , hormone related to stress answers. Important parameters of water stress were studied in phytochrome-mutant plants: Dara-5, potato mutant that overexpress phyB, increased its stomatic conductance rates in 32 % (Schittenhelm et al. 2004 ), high red:far-red radiation ratio induced an increase in active phyB in Arabidopsis, as well as in stomatic conductance and transpiration ratios (Boccalandro et al. 2009 ). Liu et al. (2012) indicate that phyB-deficient rice plants present less water loss and González et al. (2012) found out less stomatic conductance rates and less ABA sensibility in phyB-deficient Arabidopsis plants.
Unlike the previously described works, where the mutants were specific for a phytochrome family, in this present study, we found out that between phytochromedeficient (au) and high sensibility to phytochrome responses genotypes (hp1), there was no difference regarding water potential decrease under water withholding conditions (Fig. 1) , as well as few variations assigned to gas exchange parameters (Fig. 2) . However, both hp1 ctrl hp1 str * * *
Fig. 4 Electron transport rate (ETR) (a) and non-photochemical quenching (NPQ) (b) of the leaves of the wild-type genotype (MT)
and aurea (au) and high-pigment-1 (hp1) mutants of tomato cv. Micro-Tom under normal water availability (ctrl gray line) or water withholding for 5 days (str black line). Bars indicate standard error, n = 5. Each day of the experiment (on the horizontal axis) was compared separately. Different symbols indicate significant differences (ANOVA followed by Tukey's test, P \ 0.05). Asterisks were used for comparisons between the control and stress treatments within the same genotype, and circles for comparisons among genotypes under the stress treatment. The absence of symbols indicates that no significant differences were found Acta Physiol Plant (2016) 38:155 Page 7 of 14 155 genotypes presented regular fluorescence parameters under water stress when compared to the wild-type (Figs. 3, 4) . Such apparent stress tolerance of these mutant genotypes can be related to differential pigments composition (Fig. 5 ) and antioxidant enzymes activity (Fig. 6 ). The following discussion analyzes each one of these studied parameters in details, relating them to each other. The decrease in water potential under water withholding conditions, along with the reduction of gas exchange rates and some changes of chlorophyll fluorescence parameters in tomato cv. Micro-Tom, confirm that this treatment was effective in creating stressful conditions. Changes in these parameters have been used in studies of many species under induced stress-like conditions (Miyashita et al. 2005; Rahbarian et al. 2011; Benesová et al. 2012) , including photomorphogenic mutants (Biehler et al. 1997; Boggs et al. 2010; Carvalho et al. 2011a; Liu et al. 2012) .
Under water stress, au, hp1 and MT plants had lower water potential (Fig. 1) and reduced rates of stomatal conductance and transpiration from the fourth day of experiment on (Fig. 2b, c) . As a consequence, it is likely that the diffusion of CO 2 to the mesophyll became limited, restraining RUBISCO activity and promoting a decrease in photosynthetic rate (Fig. 2a) . A similar reduction in gas exchange rates due to water withholding was also recorded in other species (Lawlor and Tezara 2009; Carvalho et al. 2011a; González et al. 2012) .
Intriguingly, although it has been shown that phytochromes may strongly modulate adverse water stress responses in tomato (Auge et al. 2012; D'Amico-Damião et al. 2015) , the phytochrome-deficiency mutant seems not to alter its water relations under water deficit condition (Figs. 1, 2) . In fact, although au fails to maintain the transpiration rhythmicity (Sokolskaya et al. 2003) , this mutant showed no change in its rate of transpiration during water stress (Biehler et al. 1997) . It is essential to comment that the au mutation is complex. In this mutant, the phytochrome is barely detected at the seedling stage (Terry and Kendrick 1996) , but up to 70 % of holophytochrome is restablished at the mature-fruit stage (López-Juez et al. 1990 ). This fact results in a chlorotic and etiolated plant, but curiously photosynthesis rate is found to be similar to MT (Fig. 2) (Biehler et al. 1997) . Thus, if phytochromedeficiency change water relations in au, a more detailed analysis of this particular aspect needs to be carried out.
On the other hand, hp1 mutant showed enhanced transpiration (Fig. 2c) . Carvalho et al. (2011a) showed that the altered transpiration in hp1 seems to occur also under well- hydrated condition. Although in this condition we showed that MT and hp1 had a similar transpiration rate, it is evident that this mutant has a high evaporative demand, but it works through a complex physiological mechanism since its water potential ( Fig. 1 ) and water use efficiency (Carvalho et al. 2011a) do not change. Such complexity is being unraveled with the recognition that the transcript levels for ABA biosynthetic genes were down-regulated in hp1 (Kilambi et al. 2013) , which can be associated to enhanced transpiration in this mutant. However, stomatal conductance of hp1 does not differ from MT, making the interaction between ABA changes and hp1 a trending issue to be explored.
Photosynthetic rates were statistically the same for the three genotypes in the control treatment. However, under water withholding the photosynthetic rate of au only decreased on the fifth day, while in the other genotypes a significant drop was observed on the fourth day (Fig. 2a) . This is an interesting photosynthetic response, because au is the genotype with the lowest content of chlorophyll and carotenoids (Fig. 5) . Melo et al. (2009) also noticed the similarity in potential photosynthetic rates between the wild-type genotype and the au mutant, despite the pigment deficiency in au. Other factors may allow this mutant to overcome the pigment impairment, such as higher nitrogen allocation and protein content in au compared to the wild- type (López-Juez et al. 1990; Melo et al. 2009 ), contributing to increase the amount of proteins that are important for carboxylation and other stages of the photosynthetic process.
Chlorophyll fluorescence parameters provide useful data for estimating, in a non-invasive way, the potential and operating quantum efficiencies of PSII photochemistry, linking them to carbon assimilation (Genty et al. 1989) . These parameters may be used as indicators to compare the metabolic and energetic balance of photosynthesis between cultivars and mutant genotypes under water stress (Li et al. 2006; Rahbarian et al. 2011; Mishra et al. 2012) .
The au mutant had the lowest chlorophyll a content (Fig. 5) , although it was statistically similar to MT, and the lowest Fo values (Fig. 3a) . Despite the fact that hp1 had higher chlorophyll content (Fig. 5) , its Fo did not differ from MT (Fig. 3a) . The water withholding treatment had no effect on the pigment content, thus Fo values were not affected by the experimental conditions.
The F v /F m ratio estimates the maximum quantum efficiency of PSII photochemistry (Butler 1978) . This parameter has been widely used to detect disturbance of the photosynthetic apparatus induced by stress, since photodamage to the reaction centers can decrease the values of F v /F m (Baker and Rosenqvist 2004) . The water withholding treatment had no impact on the potential quantum efficiency of any of the genotypes analyzed (Fig. 3b) . Since Fo and F v /F m are determined primarily by chlorophyll content, the water withholding treatment had no impact on these parameters. In other species, such as potato (Jefferies 1994) , coffee (Lima et al. 2002) , wheat (Lu and Zhang 1999) and grape ), drought did not cause variation of the F v /F m ratio either. On the other hand, on the fourth and fifth days of water withholding experiment, F v /F m was higher in au than in MT and hp1 (Fig. 3b) .
In MT, both PSII operating efficiency ( Fig. 3c ) and electron transport rate (Fig. 4a) were inhibited, while nonphotochemical quenching increased (Fig. 4b) . Based on these results, we can infer that stomatal limitations of photosynthesis decreased the consumption of ATP and NADPH, attenuating the electron transport rate and, as consequence, the F q 0 /F m 0 ratio (Baker and Rosenqvist 2004) . Both CO 2 deficiency and RUBISCO inhibition reduce the NADPH oxidation rate in Calvin's cycle. Therefore, the primary electron acceptor NADP ? is not sufficiently available. Water stress conditions, combined with continuous exposition to light, may result in overreduction of the ETC and damages to the photosynthetic apparatus (Aro et al. 1993; Reddy et al. 2004; Schöttler and Tóth 2014) .
There were no differences between control and treatment for au and hp1 with relation to Fq'/Fm', ETR and NPQ (Figs. 3c, 4a, b) , indicating that other mechanisms for energy dissipation were running efficiently (as stated below). Biehler et al. (1997) demonstrated that au was able to keep the normal functioning of the electron transport chain, despite a decrease in the photosynthetic rate, due to its higher capacity to keep electron acceptors free, lowering the potential to store its reduced equivalents.
The yellow color of au leaves limits the absorption of light radiation by the photosystems, which are proportionally less excited and are able to keep the ETC functioning adequately even under the limiting CO 2 conditions caused by water stress (Fig. 4a) . Biehler et al. (1997) pointed out that, compared to the leaves of the wild-type genotype, 35 % of the radiation reaching au leaves is reflected. Becker et al. (1992) argue that the lower chlorophyll b content associated with the PSII (Fig. 5b) decreases its capacity to harvest light, preventing overexcitation of the pigments while keeping the quantum yield unaffected.
Haupt- Herting and Fock (2000) demonstrated that tomato plants under water stress considerably increase the emission of energy as heat and inhibit PSII activity in order to avoid damage to the photosynthetic apparatus, which is consistent with the data presented here for MT (Figs. 3c,  4b) . Moreover, these authors verified that oxygen was used as an alternative electron acceptor in an attempt to keep ETC running, as observed by Biehler et al. (1997) for the wild-type genotype, which increased O 2 reduction rates. The electron acceptance and consequent incomplete oxidation of oxygen can generate reactive oxygen species (ROS), directly affecting the photosynthetic process (Bartosz 1997; Gill and Tuteja 2010) .
Under water withholding, MT had higher MDA content (Fig. 6a) , indicating higher lipid peroxidation and, consequently, greater damage to the membranes due to the action of ROS. Therefore, MT presented low PSII operating efficiency (Fig. 3c ) and low ETR (Fig. 4a) under these conditions. The lower MDA content registered for au and hp1 indicates that the mutants have greater potential to protect themselves against the oxidative stress damages that result from stressful water withholding conditions. Under normal water availability, MT had higher activities of PAL, which is essential for the synthesis of many antioxidant phenylpropanoids (Jones 1984) , and POX, a defense against hydrogen peroxide (Siegel 1993) . However, under water withholding conditions, these enzyme activities were the same for all genotypes (Fig. 6e, f) .
The au mutant kept the ETR running and the PSII under normal operation despite the photosynthetic limitations imposed by water withholding (Figs. 3c, 4a) , possibly by increasing the activity of antioxidant enzymes such as CAT, POX and APX (Fig. 6b, c, e) . The lower impact of ROS over the metabolism of this mutant can be verified by its low MDA content, also observed by Monteiro et al. (2012) . Biehler et al. (1997) also found that au oxygen reduction rates did not increase under water stress. Although the chlorophyll a content of au was low, its carotenoid levels were similar to the levels in MT (Fig. 5) , which may improve the capacity to quench the excess energy caused by chlorophyll excitation, resulting in less damage to the photosystems.
Similar to au, hp1 did not decrease its ETR, and its photochemical yield was not affected by the water withholding conditions (Figs. 3c, 4a) . However, despite the fact that the antioxidant enzyme activity was not higher, a low MDA content was recorded (Fig. 6) . Monteiro et al. (2012) suggested that, under normal conditions, hp1 has lower antioxidant enzyme activity when compared to MT, but that under stress conditions, the mutant responses may be exaggerated due to its hypersensitivity to light-dependent processes. This hypothesis, however, was not corroborated under the water withholding conditions established in this study.
The mutant hp1 had the highest carotenoid content (Fig. 5d) , which helps to decrease ROS generation due to chlorophyll excitation and energy dissipation through nonphotochemical processes (Eberhard et al. 2008) . The NPQ levels increased on the fifth day of the experiment under water withholding conditions (Fig. 4b) . Therefore, carotenoids may play an essential role in maintaining the normal functioning of the photosystems in hp1, even under stressful water withholding conditions.
It is possible that genotypes with higher amounts of antioxidants and products derived from the phenylpropanoid metabolism, such as the hp1 mutant, are also less vulnerable to water stress and, as a consequence, PAL activity does not change in the short term because they already hold enough biochemical defenses against oxidative stress. Phimchan et al. (2014) observed that hot pepper cultivars rich in capsaicinoid compounds, derived from the phenylpropanoid metabolism, suffered no alteration of PAL activity and were less susceptible to water stress compared to cultivars with lower amounts of capsaicinoids.
We conclude that, considering the higher PSII operating efficiency and ETR during the water withholding treatment, tomato photomorphogenic mutants au and hp1 present higher tolerance to water stress when compared to the wild-type MT. Some evidence shows that light, operating via the phytochrome, is connected to the regulation of antioxidant enzyme activity (Drumm and Schopfer 1974; Zhong et al. 1994 Zhong et al. , 1997 Mullineaux et al. 2000) and to the biosynthesis of antioxidant compounds, including carotenoids and phenolic compounds (Pizarro and Stange 2009; Toledo-Ortiz et al. 2010; Dias et al. 2015) . Therefore, the tolerance of mutants to the effects of water withholding may be explained by the higher activity of antioxidant enzymes, such as CAT and APX, in au and by a higher concentration of antioxidant compounds, such as carotenoids, in hp1. However, additional studies are needed to corroborate these hypotheses.
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